In Brief
Spike bursts are high-frequency clusters of spikelets found in many CNS neurons. Irie and Trussell show that the generation and shape of bursts is controlled by extremely rapid calcium-induced calcium release from the ER acting on potassium channels across nanodomain distances.
SUMMARY
Action potentials clustered into high-frequency bursts play distinct roles in neural computations. However, little is known about ionic currents that control the duration and probability of these bursts. We found that, in cartwheel inhibitory interneurons of the dorsal cochlear nucleus, the likelihood of bursts and the interval between their spikelets were controlled by Ca 2+ acting across two nanodomains, one between plasma membrane P/Q Ca 2+ channels and endoplasmic reticulum (ER) ryanodine receptors and another between ryanodine receptors and largeconductance, voltage-and Ca
2+
-activated K + (BK) channels. Each spike triggered Ca 2+ -induced Ca 2+ release (CICR) from the ER immediately beneath somatic, but not axonal or dendritic, plasma membrane. Moreover, immunolabeling demonstrated close apposition of ryanodine receptors and BK channels. Double-nanodomain coupling between somatic plasma membrane and hypolemmal ER cisterns provides a unique mechanism for rapid control of action potentials on the millisecond timescale.
INTRODUCTION
Spike bursts are clusters of 2-5 high-frequency (>100 Hz) action potentials (spikelets), and the capacity to generate bursts is fundamental to signaling in the brain. Spike bursts play roles in synaptic plasticity, sleep and arousal, reward-related behavior, extraction of sensory features, and motor learning (Cooper, 2002; Huerta and Lisman, 1995; Ito, 2001; Krahe and Gabbiani, 2004; Thomas et al., 1998) . Bursts increase the release of transmitter in presynaptic terminals (Roberts et al., 2008; Williams and Stuart, 1999) , and they enhance spine Ca 2+ in dendrites (Kampa et al., 2006) . To maintain the depolarization that drives emission of multiple spikelets, sustained inward current is necessary. While in some cases inward current is provided by excitatory postsynaptic potentials (EPSPs) (Grienberger et al., 2014; Schmolesky et al., 2002) , the burst may also be initiated by intrinsic conductances, including somato/dendritic Ca 2+ channels, Ca 2+ channels of the axon initial segment (AIS), or persistent Na + current of the AIS or first node (Bender and Trussell, 2009; Kim and Trussell, 2007; Kole, 2011; McCormick and Huguenard, 1992; Williams and Stuart, 1999) . However, to temper the burst, the burst-specific excitatory current must be countered by outward current, and this outward current is thus likely to determine burst duration, frequency, and spikelet interval. Given the prominence of Ca 2+ in triggering and sustaining spike bursts, it is plausible that Ca 2+ -activated K + currents play a significant role in shaping the burst (Benhassine and Berger, 2009; Bock and Stuart, 2016; Kim and Trussell, 2007; Womack and Khodakhah, 2004) . For example, spontaneous and synaptically driven bursts in cartwheel interneurons of the dorsal cochlear nucleus are strongly dependent on large-conductance, voltage-and Ca
2+
-activated K + channels (BK channels);
blockade of these channels, or reduction in extracellular Ca 2+ , profoundly increases burst duration and frequency (Kim and Trussell, 2007) . For bursts like these, with spikelet frequencies of 200 Hz or more, recruitment of BK channels requires that the intracellular Ca 2+ rise be sufficiently rapid and close to the BK channels to control spikelet probability and inter-spikelet interval in the millisecond timescale. Rapid, precise spatiotemporal control of intracellular Ca 2+ concentration is found in local Ca 2+ -signaling domains called nanodomains, in which Ca 2+ channels and Ca 2+ -binding sites are within 100 nm (Augustine et al., 2003; Eggermann et al., 2011) . Examples of such nanodomains, or the somewhat wider microdomains, are found in presynaptic nerve terminals, where transmitter release is efficiently triggered by Ca 2+ sensors located short distances from voltage-gated Ca 2+ (Ca v ) channels (Eggermann et al., 2011) . A candidate postsynaptic Ca 2+ domain that could regulate spike bursts is the region between the plasma membrane and Ca 2+ stores in the endoplasmic reticulum (ER).
ER varies in morphology and functional properties (Verkhratsky, 2005) , and portions of the ER are molded into specialized structures known as subsurface or hypolemmal cisterns, which come into extremely close contact with the plasma membrane (Rosenbluth, 1962 ) and function as Ca 2+ stores (Blaustein and Golovina, 2001 ). In principle, Ca 2+ -induced Ca 2+ release (CICR), the release of ER Ca 2+ through ryanodine receptors (RyRs) (Endo et al., 1970) , could act on plasma membrane Ca 2+ -activated K + channels to control bursts. Indeed, at the cell bodies and proximal dendrites of cerebellar Purkinje cells, subsurface cisterns are overlaid by plasma membrane BK channels colocalized with Ca v 2.1 (a1A subunit of P/Q-type Ca 2+ channels) within about 40 nm, suggesting the clustered Ca v 2.1 and BK channels form Ca 2+ nanodomains (Henkart et al., 1976; Indriati et al., 2013; Kaufmann et al., 2009; Takahashi and Wood, 1970) . From electrophysiological studies, postsynaptic CICR has been associated with alterations in baseline firing rates in neurons and the generation of a slow afterhyperpolarization, often by the activation of small-conductance Ca
-activated K + (SK) channels (Cui et al., 2004; Kakizawa et al., 2007; Sah and McLachlan, 1991) . However, these effects on SK channels manifest over hundreds of milliseconds, and it remains unknown if Ca 2+ cisterns can participate in the rapid spike-by-spike control of voltage necessary to regulate the spike burst. Cartwheel cells in the dorsal cochlear nucleus (DCN) are characterized by prominent subsurface cisterns immediately beneath somatic membrane (Ryugo et al., 1995; Wouterlood and Mugnaini, 1984) . Given the significance of spike bursts to signaling in cartwheel cells, we examined the role of CICR in determining the threshold and inter-spikelet interval of bursts in cartwheel cells. RyRs responded to Ca 2+ entering through P/Q-type Ca 2+ channels. Remarkably, Ca 2+ released from stores activated BK channels within the time course of a single spike, and it could maintain CICR on a spike-by-spike basis. Two-photon Ca 2+ imaging revealed that rapid CICR was triggered by individual spikes immediately beneath somatic, but not dendritic or axonal, membrane. CICR-induced BK currents were blocked by intracellular injection of 1,2-Bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid (BAPTA), but not by Ethylene glycol-bis(2-aminoethylether)-N,N,N',N'-tetraacetic acid (EGTA), demonstrating nanodomain coupling of RyRs with both Ca v and BK channels. Accordingly, immunohistochemical labeling revealed colocalization of RyRs and BK channels, suggesting close apposition of ER and somatic membrane. Thus, nanodomain coupling among Ca v , BK, and RyR controls the probability and fine structure of spike bursts.
RESULTS

RyR-Mediated CICR Control of Action Potentials
Blockade of CICR profoundly altered spontaneous action potential firing in cartwheel cells. Loose cell-attached recordings were made from cell bodies while blocking synaptic transmission with 2,3-Dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide disodium salt (NBQX), (5S,10R)-(+)-5-Methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine maleate (MK-801), picrotoxin, and strychnine. Of 19 spontaneous-firing cartwheel cells, 12 showed ongoing simple spike firing (simple-firing cells, Figure 1Ai ), while the others exhibited a mix of spontaneous simple spikes and spike bursts (burst-firing cells, Figure S1Ai ), as previously reported Kim and Trussell, 2007) . RyR-mediated CICR was blocked by bath application of 20 mM ryanodine (Saito and Yanagawa, 2013; Verkhratsky, 2005) . For simple-firing cells, ryanodine transformed the firing pattern into burst firing and increased spike frequency within 5 min (Figure 1Aii , burst indicated by an asterisk), and the instantaneous frequency calculated from the intervals between action potentials increased from 20 to about 260 Hz ( Figure 1B) . When a spontaneously burst-firing cell was exposed to ryanodine, the cell exhibited a sharp increase in burst frequency ( Figure S1Ai and S1Aii, asterisks). Figure 1C summarizes the increases of instantaneous spike frequency by ryanodine or by 10 mM cyclopiazonic acid (CPA), an ER Ca 2+ -ATPase inhibitor that depletes Ca 2+ stores (Verkhratsky, 2005) . Both compounds significantly increased the instantaneous firing frequency in simple-firing and burst-firing cells (ryanodine : Figure 1C ; simple-firing cells, 17.5 ± 1.4 Hz to 154.3 ± 20.7 Hz, n = 9, p < 0.001; burst-firing cells, 71.8 ± 23.9 Hz to 157.0 ± 34.4 Hz, n = 5, p < 0.05; CPA: Figure 1C , data obtained from 3 simple-firing and 2 burst-firing cells, 18.8 ± 1.3 Hz ([control] , 109.1 ± 24.6 Hz [CPA], and 26.4 ± 1.5 Hz [washout] , n = 5, p < 0.05 between control and CPA or between CPA and washout).
To quantify the firing pattern, instantaneous frequencies were plotted as normalized histograms. Spikelets within a burst were counted as discrete action potentials, and the distributions of spike/spikelet frequencies recorded from 9 simple-firing cartwheel cells were plotted ( Figure 1D ). Group data from these cells exhibited a major peak at 20 Hz (23.2% of total events; black arrowhead in Figure 1D ). After the application of ryanodine, the histogram showed 2 major peaks, one at $40 Hz and the other at $398 Hz ( Figure 1D , gray and white arrowheads; 10.9% ± 4.6% and 10.7% ± 2.9% of total events, respectively). The former peak corresponds to a somewhat higher rate of simple spike firing and the latter peak reflects the short-interval spikelets in spike bursts induced by ryanodine. Similar analyses were done using data obtained from burst-firing cells ( Figures  S1A-S1D ). In these, ryanodine significantly enhanced the peak corresponding to high-frequency spikelets within the bursts (Figure S1A, asterisks; Figure S1B , white arrowhead; 398 Hz, 3.4% ± 1.6% in control and 13.4% ± 4.6% in ryanodine, n = 5, p < 0.05). Across all cells, control activity was dominated by simple spiking and, after ryanodine, bursts accounted for half the spike activity in the cell ( Figure S1E ). To examine the effects of ryanodine on the fine structure of the burst, the average number of spikelets in a burst (e.g., left panel in Figure S1Ai ) and inter-spikelet intervals were measured. Ryanodine did not affect the average number of spikelets in a burst ( Figure S1C ; n = 5, p = 0.685), but it markedly shortened intervals between first and second spikelets in those bursts consisting of 4 or 5 spikelets (4 spikelet bursts: Figure S1Di ; 9.52 ± 1.57 ms in control, 7.22 ± 0.33 ms in ryanodine, n = 5, p < 0.05; 5 spikelet bursts: Figure S1Dii ; 11.74 ± 1.53 ms in control, 4.64 ± 0.47 ms in ryanodine, n = 5, p < 0.01). Thus, ryanodine has specific effects on the burst, increasing its onset probability and modulating the interval between spikelets.
Spike bursts in cartwheel cells propagate into synaptic terminals and transmit a cluster of postsynaptic inhibitory currents (Roberts et al., 2008) , and it was clear that ryanodine caused a sharp increase in these clusters. Glycinergic spontaneous inhibitory postsynaptic currents (sIPSCs) were recorded by using a CsCl-based internal solution in the presence of NBQX, MK-801, and 6-Imino-3-(4-methoxyphenyl)-1(6H)-pyridazinebutanoic acid hydrobromide (SR95531). Because cartwheel cells are predominantly glycinergic and make synaptic contact with all neighboring neurons, presynaptic cartwheel cell firing can be assayed by recording cartwheel cell sIPSCs (Mancilla and Manis, 2009; Roberts et al., 2008) . In control, few clusters of sIPSCs were observed (Figure 2Ai , one cluster indicated by an asterisk), corresponding to rare presynaptic spike bursts. Ryanodine dramatically increased clusters of sIPSCs ( Figure 2Aii , 10 clusters indicated by an asterisk). Accordingly, the instantaneous frequency of action potential-induced sIPSCs (see the STAR Methods) was significantly increased by ryanodine (Figure 2B; 35.4 ± 7.6 Hz in control, 74.4 ± 11.1 Hz in ryanodine, n = 6, p < 0.001). Instantaneous IPSC frequency for control and ryanodine was plotted as histograms ( Figure 2C) ; the plot for ryanodine had two peaks, and the rightmost peak at 251 Hz (4.4% of total events; Figure 2C , white arrowhead) almost matched that observed for spike bursts in ryanodine (398 Hz; white arrowheads Figures 1D and S1B) . Thus, CICR tempers the occurrence of bursts that would otherwise propagate to axon terminals and generate enhanced postsynaptic inhibition.
To understand how CICR controls spike bursts, perforated patch recordings were made, and resting potentials were adjusted to between À75 and À85 mV by injecting negative bias currents to suppress spontaneous firing. As reported previ- (Kim and Trussell, 2007) . Two clear effects of ryanodine were observed. First, ryanodine affected spike time course, reducing the fast afterhyperpolarization (fAHP) apparent after the first spikelet (asterisk in Figure 3Aii ) by 4.2 mV (n = 10, p < 0.01), increasing the half-width of the first spikelet by 0.011 ms (n = 10, p < 0.05), and reducing the maximum rate of spike decay by 10.9 V/s (n = 10, p < 0.001). Second, ryanodine markedly increased the likelihood of spike bursts elicited in response to small currents (Figure 3Ai and 3Aiii; n = 7; p < 0.05, Wilcoxon signed rank test). The effects of ryanodine on spike waveforms and intrinsic membrane properties are summarized in Table S1 . By contrast, a late afterpotential seen on a timescale much slower than the burst (inset in Figure 3Aii , indicated by an arrow) was hyperpolarized slightly in the presence of ryanodine, possibly due to increased Ca 2+ influx via Ca v during the spikelets and subsequent activation of SK channels. Together, these data suggest that CICR enhances fast spike repolarization and, thereby, opposes inward currents that promote the generation of the burst.
P/Q-type Ca 2+ Channels Trigger CICR, Leading to the Activation of BK Channels As ryanodine reduced the fAHP but did not affect resting membrane potential (Table S1 ), we asked whether BK channels, which are both voltage and Ca 2+ dependent, were activated by CICR, leading to deepening of the fAHP. Action potentials were induced by 5-ms depolarizing current injections, and the effect of ryanodine was then tested in the presence of iberiotoxin (IbTX, 100 nM), a BK channel blocker. By itself, IbTX broadened action potential waveforms, as reported previously (Figures 3Bi  and 3Bii ; Table S2 ) (Bender and Trussell, 2009; Kim and Trussell, 2007) , and it made the fAHP less negative (asterisk in Figure 3Bii ; Table S2 ). Like ryanodine, IbTX also reduced the current threshold for bursts (Figures 3Bi and 3Biii) . No additional effects on spike parameters were seen when ryanodine was applied in the presence of IbTX (n = 7; Figures 3Bi', 3Bii', and 3Biii; Table S2 ), suggesting that spike-triggered CICR leads to BK channel activation. More direct evidence for a link between BK channels and CICR was obtained by recording under voltage clamp in the presence of tetrodotoxin (TTX) and synaptic blockers. Large depolarizing voltage steps (from À70 mV to between À30 mV and À10 mV) evoked a rapid transient outward current followed by a sustained current (Figure 4Ai gray circles in Figure 4Aii ; n = 13) and had fast activation and inactivation (10%-90% rise time, 0.70 ± 0.05 ms at À10 mV, n = 13; gray triangles in Figure 4Aii ; single exponential decay constant was 2.54 ± 0.24 ms at À10 mV, n = 13; black triangles in Figure 4Aii ). Transient currents were completely blocked by bath perfusion of Ca 2+ -free artificial cerebrospinal fluid (ACSF) (2.2% ± 2.2% of control at À10 mV, n = 4; data not shown) or application of a mixture of nonspecific Ca v channel blockers (200 mM CdCl 2 and 500 mM NiCl 2 , 2.2% ± 1.5% of control at À10 mV, n = 7; Figure 4Ci , lower panel), consistent with activation of BK channels through Ca 2+ influx via Ca v channels. Importantly, transient currents were almost completely suppressed by ryanodine (Figures 4Bi and 4Bii ). The mean ryanodine-sensitive current density was similar in amplitude to that of IbTX-sensitive current at À10 mV (ryanodine-sensitive, 81.0 ± 24.0 pA/pF, n = 6; IbTX-sensitive, 157.8 ± 24.0 pA/pF, n = 13; p = 0.063, unpaired t test with Welch's correction). Accordingly, ryanodine did not suppress currents evoked by depolarizing steps in the presence of IbTX (black squares in Figure 4Bii ). These results demonstrate that BK channels are the primary currents activated by CICR. To confirm the effect of blockade of RyRs on the transient current, another RyR inhibitor, ruthenium red (200 mM), was used with the combination of dual-electrode recordings. After the recording of a control response using a pipette containing normal K-gluconate intracellular solution, the giga-ohm seal formed by a second pipette containing pipette solution with ruthenium red was ruptured to dialyze the cell. The transient outward currents were almost completely suppressed by 20-min dialysis with this solution (n = 6; gray triangles in Figure 4Bii ; Figure S2A ).
Cartwheel cells express P/Q-, L-, and T-type Ca
2+ channels (Kim and Trussell, 2007) . To determine which subtypes are involved in triggering CICR, we tested the effects of selective Ca v antagonists on transient outward currents. Application of u-agatoxin-IVA (Aga-IVA, 200 nM), a P/Q blocker, markedly suppressed transient currents evoked by depolarization ( Figure 4Ci , Aga-IVA and Aga-IVA sensitive). Subsequent application of the nonspecific blockers CdCl 2 and NiCl 2 then eliminated the remaining transient current (lower panel in Figure 4Ci ). The peak current densities, 10%-90% rise time, and the decay time constant of Aga-IVA-sensitive currents ( Figure 4Cii ) had features similar to those of IbTX-sensitive currents ( Figure 4Aii ). The reduction of the transient currents by specific blockers was expressed as a percentage of the block by the nonspecific Ca v blockers ( Figure 4Ciii ). Aga-IVA blocked almost all of the Ca Vdependent outward current (88.4% ± 3.2%, n = 7; p < 0.001, one-sample t test). By contrast, nimodipine and TTA-P2 reduced the outward current only slightly (20 mM nimodipine, 5.65% ± 2.7%, n = 5; 1 mM TTA-P2, 4.65% ± 2.8%, n = 5), and, thus, they were significantly less effective than Aga-IVA (Aga-IVA versus nimodipine effect, p < 0.001; Aga-IVA versus TTA-P2, p < 0.001, unpaired t test; Figure 4Ciii ). Apamin-sensitive SK currents did not contribute to the transient outward current (Figure S2B) . Furthermore, SK currents could be observed even in the presence of ryanodine ( Figure S2Bii ), suggesting that the source of intracellular Ca 2+ for the activation of SK channels is not derived from CICR. In conclusion, these results indicate that P/Q Ca 2+ channels are the principal subtype of Ca v involved in CICR and BK channel activation.
Rapid CICR at Somatic Plasma Membrane
Since CICR-triggered BK current occurs during single spikes, ryanodine-sensitive Ca 2+ transients must be very rapid and thus arise immediately adjacent to plasma membrane. We therefore tested the effects of ryanodine and CPA on spike-triggered Ca 2+ transients using two-photon microscopy. Current-clamped cells were dialyzed with an intracellular solution containing Fluo-5F and Alexa 594. Ca 2+ transients were evoked by single spikes or spike trains (6 spikes at 50 Hz) induced by biphasic current injections, adjusted to prevent induction of burst firing (Bender and Trussell, 2009 ). Short, rapid line scans were made across the somatic membrane (Figure 5Ai Figure 5Ciii ; single, p = 0.603; train, p = 0.634). Thus, spike-evoked CICR is restricted to the somatic membrane, despite the presence of burst-induced Ca 2+ flux in the AIS (Bender and Trussell, 2009 ) and backpropagation of bursts into dendrites (Roberts et al., 2008) .
Spontaneous Currents Mediated by CICR
In Figure 4B , large depolarizing voltage steps evoked CICRmediated transient BK currents. When smaller voltage steps were applied (to À60 or À50 mV from a À70-mV holding potential) in the presence of TTX and synaptic blockers, spontaneous miniature outward currents (SMOCs) were apparent (Figures 6 and S3) (Satin and Adams, 1987) . SMOCs were blocked by IbTX, ryanodine, or intracellularly applied ruthenium red, demonstrating that the SMOCs reflect BK channel activation by CICR ( Figures 6A, 6B , and 6Di; IbTX, 1.51% ± 0.56% of control, n = 7; p < 0.001, one-sample t test; ryanodine, 1.18% ± 1.18% of control, n = 6, p < 0.001; ruthenium red, 1.42% ± 1.42% of control, n = 7, p < 0.001; Figure S3D ). SMOCs observed at À60 mV appeared as random, discrete events, suggesting each SMOC was triggered by a Ca 2+ spark from a RyR, as previously described in cardiac myocytes (Pé rez et al., 1999; ZhuGe et al., 1999) . SMOCs were transiently enhanced by caffeine (10 mM), which induces release from Ca 2+ stores by acting on RyRs, eventually depleting the store (Kuba, 1994) . The maximum increase in SMOC frequency was observed around 2 min after wash-in of caffeine ( Figure 6Ei , middle trace; Figure 6Eii ; caffeine 2 min, 299.3% ± 50.3% of control, n = 6; p < 0.05, one-sample t test) followed by a sharp decrease ( Figure 6Ei , lower trace; Figure 6Eii; caffeine 7 min, 5.65% ± 3.67% of control, n = 6).
The frequency and amplitude of SMOCs were voltage dependent (Figures S3A and S3B ; À60 mV, 24.6 ± 3.4 Hz, n = 7; 28.9 ± 1.7 pA amplitude, n = 7; À50 mV, 48.5 ± 2.1 Hz, n = 7; 43.7 ± 4.8 pA amplitude, n = 7), and SMOCs were rarely observed at À70 mV (Figures S3A and S3B ; À70 mV, 1.4 ± 0.6 Hz, n = 7; 16.9 ± 1.7 pA amplitude, n = 4), consistent with the observation that ryanodine had no effect on resting potential (Table S1 ). Bath perfusion of Ca 2+ -free ACSF or a mixture of nonspecific Ca v channel blockers (200 mM CdCl 2 and 500 mM NiCl 2 ) also inhibited SMOCs (Figure 6Di ; Ca 2+ free, 0.0% ± 0.0% of control, n = 5; p < 0.001, one-sample t test; 200 mM CdCl 2 and 500 mM NiCl 2 , 0.7% of control, n = 7, p < 0.001). The decay time of SMOCs was 1.86 ± 0.15 ms (n = 5; Figure S3A , right lower panel), not significantly different from the decay of the ryanodine-sensitive transient current evoked by large voltage steps (Figure 4Aii ; p = 0.10 at À30 mV, p = 0.088 at À20 mV, p = 0.45 at À10 mV, and p = 0.63 at 0 mV, unpaired t test).
Both the increase in SMOC frequency with voltage and the Ca 2+ dependence of SMOCs suggest that Ca v channel openings provide Ca 2+ that triggers RyR opening and the generation of SMOCs. Therefore, we explored what Ca v subtypes were involved in SMOCs using selective antagonists. Aga-IVA (200 nM) inhibited the frequency and amplitude of the SMOCs ( Figure 6C ; frequency, Figure 6Di ; Aga-IVA, 8.9% ± 4.6% of control, n = 7; p < 0.001, one-sample t test; amplitude, Figure 6Dii ; 35.2% ± 13.0% of control, n = 7, p < 0.01), whereas nimodipine (L-type blocker), TTA-P2 (T-type blocker), or a low concentration (50 mM) of NiCl 2 (R-and T-type blocker) did not affect SMOC frequency or amplitudes (frequency, Figure 6Di ; 200 mM nimodipine, 98.9% ± 7.5% of control, n = 7; p = 0.89, one-sample t test; 1 mM TTA-P2, 103.1% ± 8.5% of control, n = 5, p = 0.73; 50 mM NiCl 2 , 93.8% ± 5.7% of control, n = 10, p = 0.309; amplitude, Figure 6Dii ; nimodipine, 105.2% ± 4.7% of control, n = 7, p = 0.31; TTA-P2, 95.8% ± 6.5% of control, n = 5, p = 0.55; 50 mM NiCl 2 , 93.4% ± 3.8% of control, n = 10, p = 0.114). Apamin (100 nM) did not affect the frequency or amplitude of SMOCs (frequency, Figure 6Di ; 110.3% ± 6.6% of control, Error bars indicate ± SEM. n = 6; p = 0.18, one-sample t test; amplitude, Figure 6Dii ; 97.5% ± 3.6% of control, n = 6, p = 0.53). These results confirm no involvement of SK channels in the SMOCs, although SMOCs recorded from several other neuronal types are mediated by SK channels (Cui et al., 2004; Saito and Yanagawa, 2013 (Adler et al., 1991; Eggermann et al., 2011; Naraghi and Neher, 1997 effects of the chelators using dual-electrode recordings ( Figure 7A ). SMOCs were recorded under voltage clamp with a pipette containing 0.1 mM EGTA. A second pipette containing 10 mM EGTA or 10 mM BAPTA was sealed onto the cell, and a 5-min control period of SMOCs was recorded; after this period, the membrane under the second electrode was ruptured and wholecell current clamp mode (I = 0) was established for the second electrode ( Figure 7A ; break-in in Figures 7D  and 7H ). In this way, the first pipette could maintain voltage clamp while the second could rapidly dialyze in the chelator beginning at a defined time point. The results were very clear: SMOCs evoked by 10-mV depolarization were virtually unaffected by intracellular dialysis of high EGTA ( Figure 7B ; frequency, Figure 7D ; 101.2% ± 4.3% of control at 10 min, n = 6; p = 0.80, one-sample t test; amplitude, Figure 7E ; 96.9% ± 3.8% of control, n = 6, p = 0.44). By contrast, SMOCs were quickly eliminated by the dialysis of BAPTA ( Figure 7C ; 10 mM BAPTA, Figure 7D ; 56.2% ± 13.9% at 1 min, n = 5; p < 0.05, one-sample t test; 1.85% ± 1.95% at 10 min, n = 5, p < 0.001). Assuming the two pipettes have equal efficiency in dialyzing the cell, the final chelator concentration in the cell should be about half that in the second pipette, or 5 mM. The dramatic difference between the effects of the chelators on frequency and amplitude of SMOCs suggests that all three channels, Ca v , RyRs, and BK channels, are positioned within nanodomains, despite the Ca 2+ sources and targets being in different membrane compartments.
While SMOCs appear to operate using double-nanodomain Ca 2+ signals, we predicted that the much larger Ca 2+ currents and CICR associated with action potentials or large voltage steps might act over microdomain distances. We therefore examined the effect of EGTA and BAPTA transient BK outward currents evoked by voltage steps to 0 mV (Figures 7F-7H) . 
(legend continued on next page)
Unexpectedly, large transient outward currents were resistant to a 10-min dialysis of EGTA (Figures 7F and 7H ; 97.0% ± 1.5% of control at 10 min, n = 6; p = 0.104, one-sample t test). By contrast, transient outward currents were strongly attenuated by the dialysis of BAPTA ( Figure 7G ; at 20 mV, Figure 7H ; 79.6% ± 4.0% at 1 min, n = 5; p < 0.01, one-sample t test; 28.5% ± 4.0% at 10 min, n = 5, p < 0.001). These results demonstrate that both SMOCs and CICR-mediated transient outward currents are driven by nanodomain coupling of the three channel types and suggest that the intracellular Ca 2+ stores for CICR are the subsurface cisterns positioned only tens of nanometers from the plasma membrane ( Figure 7I ; Ryugo et al., 1995; Wouterlood and Mugnaini, 1984) . Moreover, because SMOCs and the transient outward current share similar pharmacology, Ca 2+ domain size, and time course, it is likely that the SMOC represents the quantal unit of the large BK currents that control the likelihood of the spike burst and the properties of its spikelets.
Colocalization of BK Channels and RyRs at Somatic Membranes
We used immunohistochemistry to localize components of the RyR-BK coupling, taking advantage of reliable antibodies for BK and RyR (Mandikian et al., 2014; Misonou et al., 2006 ) and a transgenic mouse line expressing ChR2(H134R)-EYFP under the control of GlyT2 promoter (Lu and Trussell, 2016) , to pinpoint the location of plasma membrane in relation to ion channels. Figure 8A shows a representative fluorescent image containing three cartwheel cells. The membrane and processes of the glycinergic neurons are strongly labeled with yellow fluorescent protein (YFP), and intracellular components, presumably Golgi and the ER surrounding the nuclei (white asterisks), are more faintly labeled. Regions marked ''B'' (cell body) and ''C'' (secondary dendrite) are expanded in Figures 8B and 8C . Puncta of BK and RyR labeling are clearly apparent (Figures 8Bi and 8Bii) , and many of these show clear overlap (arrows in Figure 8Bi -iii). The profiles of signal intensity along membranes of the cell body or dendrite were measured by drawing linear regions of interest along the cells' membrane, guided by the YFP signal. The BK and RyR intensities along these linear regions were plotted in Figure 8Biv (cell body) and Figure 8Civ (dendrite). The profile at the cell body had at least 7 peaks that overlapped between the BK and RyR signals (asterisks in Figure 8Biv ), while the profile of the dendrite had less overlap and smaller peaks (asterisks in Figure 8Civ ). To quantify colocalization, normalized signal intensities were measured from membrane regions and plotted in Figure S4A . Figure S4Aiii shows that 41.6% of colocalized points in the somatic membrane had normalized intensities higher than 0.2 in both axes (shaded area, 1,057 of 2,538 blue points), whereas only 1.9% of points in the dendritic membrane had intensities higher than 0.2 (shaded area, 48 of 2,538 magenta points). Thus, somatic membranes contain more colocalizing points of high intensity (shaded area in Figure S4Aiii ) than dendritic membranes, strongly suggesting that nanodomain coupling of RyRs and BK via CICR is restricted to areas of the somatic membrane, consistent with the absence of action potential-induced CICR at dendritic processes ( Figure 5C ).
The lines used above to define regions of interest along the membrane had a width of 0.22 mm, just wider than the pointspread function for the Zeiss Airyscan confocal fluorescence signals (0.186 mm for BK and 0.211 mm for RyRs), and, thus, overlap of signals indicates colocalization at least within that width. An alternative measure of colocalization was made by measuring fluorescence along short lines drawn perpendicular to the cell membrane (defined by YFP) and across overlapping BK and RyR puncta ( Figures 8D and 8E, transparent white lines) . Figures  8D and 8E are expanded images containing somatic membranes (see Figure S4B ). The signal profiles are shown in Figures 8Dv  and 8Ev . The positions of the peaks for these signals were nearly identical, within the resolution of the microscope. To detect potential differences between peaks, averaged profiles were made from 10 lines ( Figure 8F ). Profiles from these lines were aligned by using the x axis value of the peak location of RyR signals, and the signal intensity was averaged. Then 7-8 data points around the peaks (rectangle in Figure 8Fi ) were fitted by a sixth-order polynomial regression curve to estimate the position of maximal fluorescence for each channel (Figure 8Fii ). While positions of the RyR signal peak differed from that of the other peaks (RyR to YFP, 45.7 ± 13.5 nm, n = 10; p < 0.01, one-sample t test; RyR to BK, 28.5 ± 11.2 nm, n = 10, p < 0.001), all curves were within the confocal point spread function, indicating close apposition of the ER and plasma membrane channels and suggesting that the CICR originates from the subsurface cisterns previously found using electron microscopy (Ryugo et al., 1995; Wouterlood and Mugnaini, 1984) .
DISCUSSION
We have shown that three channels, P/Q, BK, and RyR, interact within nanodomains defined by the distances between plasma membrane channels and subsurface ER cisterns ( Figure 7I ). Ca 2+ from P/Q channels targets ER RyR over a nanodomain, and Ca 2+ released from RyR then targets BK channels across a similar distance. Together, these channels and membranes constitute an organelle that rapidly controls the likelihood of action potential bursts as well as the fine structure of spikelets within the burst ( Figure 7I ). Although the coupling between P/Q-type Ca 2+ and BK channels has been proposed based on anatomical grounds (Indriati et al., 2013) , and ryanodine effects on spike activity have been described in other cells, this study demonstrates that this double-nanodomain mechanism operates remarkably quickly and is, thereby, suitable for the control of action potentials in the millisecond timescale of the spike burst. Each of the molecular elements, the channel subtypes, cisterns, and spike bursts, as well as the presence of SMOCs, has been described in neurons throughout the CNS, and, thus, it is likely that the mechanism we describe may be utilized in diverse brain regions where spike bursts occur. Importantly, because this mechanism requires the convergence of multiple cellular components, pathological changes in any one component could bias neurons to a ryanodine-like condition of elevated firing. Indeed, recent studies indicate roles of altered function of neuronal ryanodine receptor type 1 and 2 (RyR1 and RyR2) in some models of seizure susceptibility (Aiba et al., 2016; Mikami et al., 2016) .
A Channel Triad
The striking differences in the effects of EGTA and BAPTA on the frequency of SMOCs or on the size of evoked transient outward current strongly suggest nanodomain communication by Ca 2+ among the three channel subtypes. It has been suggested previously that Ca v and BK channels interact through a nano-or microdomain (Fakler and Adelman, 2008) , but the potential dependence of this interaction on a third channel type in a different membrane compartment, i.e., RyR in the ER, is less well appreciated. SMOCs appear during small membrane depolarizations. These are voltage levels that might be expected to slightly raise the open probability of P/Q-type Ca 2+ channels and, thus, only gradually raise cytosolic Ca 2+ (Awatramani et al., 2005) . Surprisingly, given that EGTA does not affect SMOC frequency or amplitude, SMOC events may be triggered immediately upon gating of nearby P/Q-type Ca 2+ channels, rather than by the elevation of background Ca 2+ by repeated channel openings. Random opening of a small number of P/Qtype Ca 2+ channels, possibly even a single channel, during weak voltage steps could be sufficient to activate a RyR.
The close apposition of the subsurface cistern to the plasma membrane apparently serves multiple functions in the regulation of action potential activity. Besides acting as a source of Ca 2+ , the close distance of the cistern to the plasma membrane defines a narrow cleft region in which Ca 2+ ions can be rapidly concentrated, thereby ensuring rapid and reliable activation of both the RyR and BK channels. Moreover, since subsurface cisterns typically have lateral widths of only $1 mm, enhanced diffusion at the edges of the cistern-plasma membrane cleft into the cytosol may ensure rapid clearance of Ca 2+ following channel closure, a process likely to be far faster than reuptake by Ca 2+ -ATPase. Although EGTA at $5 mM (our estimate of the final concentration of chelator in the double-perfusion experiments) had little effect on BK channel gating in cartwheel cells, the expression and distribution of endogenous Ca 2+ buffers in different cell types might significantly impact the time course of CICRinduced BK currents and determine their role in controlling action potential activity. More generally, the fact that SMOCs induced by small voltage steps and large BK transient currents induced by large voltage steps have similar time course and buffer sensitivity suggests that SMOCs compose the transient outward currents and, by extension, that the number and dimensions of the cisterns may be a critical, and potentially regulated, determinants of spike activity in neurons. This mechanism requiring nanodomain coupling appears to differ from that described in some previous studies in which Ca 2+ flux and RyR activity lead to activation of SK channels and membrane potential hyperpolarization (Cui et al., 2004; Kakizawa et al., 2007; Sah and McLachlan, 1991) . In those cases, SK currents are comparatively slow to rise, and they may last hundreds of milliseconds, eliminating a nanodomain requirement. Indeed, RyRs associated with this mechanism in cerebellar Purkinje cells are more centrally located in the cytoplasm of dendrites and spines (Kakizawa et al., 2007) , rather than at the membrane of cell soma as described here. Thus, coupling between RyR and plasma membrane channels may arise across different spatial domains and use different channel effectors dependent upon the required kinetics of the electrical response.
CICR and Spike Bursts
It was striking that rapid CICR is restricted to the cell soma. CICR is well established to play roles in synaptic plasticity in the brain, and indeed IP 3 receptors are highly concentrated in cartwheel cells (Ryugo et al., 1995) , and blockade of CICR prevents the induction of long-term plasticity in these neurons (Fujino and Oertel, 2003) . Moreover, CICR has been shown to give rise to Ca 2+ waves in dendrites, which may also function to trigger experience-dependent change in synaptic function (Ross, 2012) . The ER membrane compartment is thought to be continuous throughout the full extent of a neuron (Okubo et al., 2015; Verkhratsky, 2005) . The use of somatic CICR-mediated control of spiking, and dendritic CICR-mediated control of plasticity or slower voltage changes, indicates that the functional specializations of CICR may vary depending on its location in the cell.
However, this regional restriction of function raises an additional question: if CICR-mediated spike regulation requires rapid gating of BK channels, why is it absent from the AIS where spikes are triggered? It is well established that spikes initiate in the AIS due to a higher concentration of Na + channels there relative to the soma, and it is also known that axonal K + channels are critically distributed to determine axonal spike shape and frequency Kole and Stuart, 2012) . Interestingly, studies in multiple cell types highlight the metabolic need for critical displacement in time of Na + and K + channel activation, so that Na + influx, which must be removed by ATPase activity, is not wasted by simultaneous K + efflux (Alle et al., 2009; Carter and Bean, 2009) . Recent studies also indicate that not only single spikes but also spike bursts are initiated in the AIS, due to the localized expression of T-type Ca 2+ channels (Bender and Trussell, 2009 ), which provide the sustained inward current necessary to drive multiple Na + spikelets in each burst. For the balance of inward and outward currents to determine spike burst probability, CICR-mediated BK current must necessarily occur nearly simultaneously with the Ca 2+ current that drives the burst. Since these two currents cannot be separated in time, the cartwheel cell apparently separates these processes in space, and it depends on rapid charge transfer between soma and AIS over the time course of the burst to control axonal membrane voltage near threshold. Moreover, restricting CICR to the soma minimizes the amount of ER packed into axonal cytosol, which might otherwise elevate axial resistance and slow conduction.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
EXPERIMENTAL MODEL AND SUBJECT DETAILS Animals
All animal care and handling procedures used in this study were approved by the Oregon Health & Science University Institutional Animal Care and Use Committee. Animals were housed in the OHSU Department of Comparative Medicine animal quarters and cared for by OHSU staff. C57BL/6J mice (16-to 26-day-old, either sex) were used for electrophysiological recordings. Glycine transporter 2 (GlyT2)-Cre;Ai32 mice (C57BL/6J background strain; 24-days-old), which express ChR2(H134R)-EYFP under the control of GlyT2 promoter, were used for fluorescent immunohistochemistry to label somatic and dendritic membranes of cartwheel cells (Lu and Trussell, 2016) .
METHOD DETAILS
Electrophysiological recordings and data analysis Brain-stem slices containing DCN were prepared as follows: mice were anesthetized with isoflurane and decapitated. 4 , 20 NaHCO 3 , 3 HEPES-Na, 10 glucose, 0.4 ascorbic acid, 3 myo-inositol, 2 sodium pyruvate, and bubbled with 5% CO 2 /95% O 2 ($310 mOsm). The slices were further incubated for 40 min before use. In electrophysiological recordings, ascorbic acid was omitted from the ACSF. The ACSF was supplemented with fast synaptic blockers {10 mM 2,3-Dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide disodium salt (NBQX, Alomone labs, Jerusalem, Israel), 3 mM (5S,10R)-(+)-5-Methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine maleate (MK-801), 100 mM picrotoxin, and 1 mM strychnine} unless otherwise stated. When CdCl 2 and/or NiCl 2 was added to ACSF to block Ca 2+ channels, KH 2 PO 4 was exclude and replaced with equimolar KCl to avoid precipitation.
The brain slices were transferred to a recording chamber, and continuously perfused at 2 mL/min with ACSF at 33-34 C. Neurons were visualized with Zeiss Axioskop 2 microscope equipped with a 60 3 /0.9 numerical aperture water-immersion objective lens (LUMPlanFI, Olympus, Tokyo, Japan), infrared CCD video camera (IR-1000, DAGE-MTI, Michigan City, IN), and custom-made Dodt gradient contrast optics. Cartwheel cells were identified based on location within the DCN, somatic size, morphology, characteristic responses to current injections (Golding and Oertel, 1996; Manis et al., 1994; Tzounopoulos et al., 2004) . In loose cellattached recordings, spontaneously active cartwheel cells could be easily identified by their irregular action potential firing patterns Kim and Trussell, 2007) . Data were collected with Molecular Devices (Sunnyvale, CA) hardware and software (Multiclamp 700B, Digidata 1322A, and Clampex 9.2 or 10.3). Signals were low-pass filtered at 6 kHz and digitized at 10 kHz for loose cell-attached recordings, or filtered at 6-10 kHz and digitized at 20-50 kHz for other experiments.
Loose cell-attached recordings were made using patch pipettes (tip diameter: 2-3 mm) made from borosilicate glass capillaries (1B150F-4, World precision instrument, Sarasota, Florida). The pipettes were filled with a modified ACSF containing (in mM): 142 NaCl, 2.1 KCl, 1.7 CaCl 2 , 1.0 MgSO 4 , 1.2 KH 2 PO 4 , 10 HEPES, 11 glucose, and pH adjusted to 7.4 with NaOH ($300 mOsm). Loose cell-attach configuration was achieved by applying slight negative pressure on the pipette. Seal resistances were in the range of 20 to 300 MU. Recordings were done in voltage-clamp configuration with the pipette potential held at 0 mV.
For recording of spontaneous glycinergic IPSCs (sIPSCs), a CsCl-based internal solution containing following was used (in mM): 105 CsCl, 5 CsF, 10 tetraethylammonium-Cl, 5 ethylene glycol-bis(2-aminoethylether)-N,N,N',N'-tetraacetic acid (EGTA), 2 Mg-ATP, 3 Na 2 -ATP, 0.3 Na 2 -GTP, 13 Tris 2 -phosphocreatine, 3 N-(2,6-Dimethylphenylcarbamoylmethyl)triethylammonium chloride (QX-314, Alomone labs), 10 HEPES, and pH adjusted to 7.3 with CsOH ($290 mOsm). Glycinergic sIPSCs were recorded in the presence of NBQX, MK-801, and 10 mM 6-Imino-3-(4-methoxyphenyl)-1(6H)-pyridazinebutanoic acid hydrobromide (SR95531, a GABA A receptor blocker, Abcam, Cambridge, MA) to block excitatory inputs from granule cells and reduce inhibitory inputs from superficial stellate cells (Apostolides and Trussell, 2014) . Membrane potentials were held at À65 mV under whole-cell voltage clamp configuration and IPSCs were recorded as inward currents. Action potential-induced sIPSCs was defined as follows: at the end of the recording of sIPSCs, 0.5 mM tetrodotoxin (TTX, Abcam) was bath-applied to record 200-800 miniature IPSCs (mIPSCs), which were used to obtain a value for mean mIPSC plus 3 standard deviations of the mean (mean + 3SD). When a sIPSC had a single peak (e.g., inset in Figure 2Ai ) and its amplitude was larger than mean + 3SD, the IPSC was regarded as action potential-induced sIPSC. When a cluster of sIPSC were composed of summation of sIPSCs (e.g., inset in Figure 2Aii ), and at least one of the sIPSC had the amplitude larger than mean + 3SD, the cluster was defined as action potential-induced. These action potential-induced sIPSCs were used for the calculation of instantaneous frequency ( Figures 2B and 2C) .
Most of the somatic whole-cell patch clamp recordings from cartwheel cells were performed using a K-gluconate-based internal solution containing (in mM): 125 K-gluconate, 10 KCl, 0.1 EGTA, 2 Mg-ATP, 3 Na 2 -ATP, 0.3 Na 2 -GTP, 13 Tris 2 -phosphocreatine, 10 HEPES, and pH adjusted to 7.3 with KOH ($295 mOsm). The pipette resistances were 3-4 MU when filled with the internal solution. In current clamp recordings, series resistance was compensated using bridge balance, pipette capacitance was neutralized, and resting membrane potentials were adjusted to suppress spontaneous firings by injecting negative bias currents. Action potentials were evoked by depolarizing current injections. In some experiments (Figure 3) , perforated-patch clamp recordings were made as reported previously (Kim and Trussell, 2007) . The K-gluconate intracellular solution containing 240 mg/mL of amphotericin-B was used. When voltage clamp experiments were made, series resistance was compensated by 60%-90% (bandwidth: 3-4 kHz). Outward currents were evoked by voltage steps from À70 mV holding potential up to À10 $20 mV in 10-mV increments. In some experiments, ruthenium red (200 mM; Wako pure chemical industries, Osaka, Japan) was added to the K-gluconate-based internal solution to inhibit the opening of RyRs (Smith et al., 1988; Xu et al., 1999) . Here, dual-patch clamp experiments were made using one pipette containing normal K-gluconate solution and the other pipette had a K-gluconate solution containing ruthenium red.
When the effects of several blockers on SMOCs were tested, SMOCs were evoked every 1 min by applying 10-mV depolarizing voltage steps (2.5 s duration, from À70 mV to À60 mV), and the frequencies and amplitudes of SMOCs were averaged from the data recorded for 3 min. Thereafter, the frequencies and amplitudes were normalized by using control data obtained before application of the blockers (Figures 6A-6D ). The sensitivity of SMOCs to caffeine was monitored every 5 s by applying 10-mV voltage steps (1 s duration, from À70 mV holding potential to À60 mV, Figure 6E) ; the frequencies and amplitudes of events were then averaged every 1 min, and normalized by using control data obtained before caffeine application (Figure 6Eii ). The outward currents including SMOCs were recorded in the presence of fast synaptic blockers and TTX. In some recording, 1 mM 4-aminopyridine (4-AP) was also added in the ACSF to block voltage-gated K + channels ( Figure 4Bii , black squares; Figure 4C ; Figures 6C and 6D excluding IbTX, ryanodine, Ca 2+ free, and apamin, Figure 6E ) (Benton et al., 2013) .
When the effects of calcium chelators on the SMOCs and transient outward currents were examined, dual-patch clamp experiments were used. One pipette was filled with the normal K-gluconate solution and used for voltage clamp recordings, and the other was filled with the following EGTA or 1,2-Bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid (BAPTA)-containing K-gluconate solution to inject the chelators and to monitor the change of the membrane potential after rupturing the gigaohm seal (break-in) under current clamp configuration (in mM): 110 K-gluconate, 10 KCl, 10 EGTA, 2 Mg-ATP, 3 Na 2 -ATP, 0.3 Na 2 -GTP, 13 Tris 2 -phosphocreatine, 10 HEPES, and pH adjusted to 7.3 with KOH ($295 mOsm), or 115 K-gluconate, 11 KCl, 10 BAPTA, 2 Mg-ATP, 3 Na 2 -ATP, 0.3 Na 2 -GTP, 13 Tris 2 -phosphocreatine, 11 HEPES, and pH adjusted to 7.3 with KOH ($295 mOsm). SMOCs were induced every 10 s by 10-mV depolarization step from À70 mV holding potential. Transient outward currents were evoked every 20 s by depolarization step to 0 or 20 mV from À70 mV holding potential in the presence of fast synaptic blockers, 4-AP, and 100 nM apamin [a small-conductance Ca 2+ -activated K + (SK) channel blocker]. The leak and capacitive currents were subtracted on-line by using a p/4 protocol with opposite polarity.
Data were analyzed using Clampfit 10.3 software (Molecular Devices) and Igor Pro 6 software (Wavemetrics, Lake Oswego, OR) with the added import functionality provided by ReadPclamp XOP of the NeuroMatic software package (http://www.neuromatic. thinkrandom.com/). Event detections of spontaneous firings were done by using the spike detection function of NeuroMatic. For the detection of events, 1000-3000 spikes in control and 2000-4000 in ryanodine or cyclopiazonic acid (CPA) were used from each experiment. Locations of sIPSC peaks were detected by using the event detection function of Neuromatic, and 500-1500 events in control and 800-2000 in ryanodine were counted. mIPSCs and SMOCs were analyzed by using the template search function in the Clampfit. Liquid junction potentials (K-gluconate-based, À10 mV; CsCl-based, À4 mV) were corrected offline. All data are provided as the means ± standard error of the mean unless otherwise stated. Numbers in parentheses in figures and n in the text and tables indicate the number of experiments.
Peptide blocker application
When peptide blockers [apamin, Iberiotoxin (IbTX) , and u-Agatoxin-IVA (Aga-IVA) (all from Peptide Institute, Osaka, Japan)] were used, 0.5 mg/ml cytochrome C was added to all ACSF to reduce nonspecific binding. These peptide blockers were perfused at least for 15 min by using recirculation before data recording.
Two-photon Ca
2+ imaging The imaging experiments were performed in conjunction with whole-cell patch clamp recordings using the same current clamp method stated as above except that the intracellular solution replaced EGTA with 250 mM Fluo-5F pentapotassium salt (Fluo-5F, Thermo Fisher Scientific, Waltham, MA) and 20 mM Alexa Fluor 594 hydrazide (AF594, Thermo Fisher Scientific). Cells were dialyzed with the pipette solution at least for 20 min. Calcium transients were evoked by single or a train of action potentials (6 action potentials at 50 Hz) induced by somatic current injections (biphasic square wave pulse, 4-ms duration, 700 to 1000 pA amplitude). The amplitudes of current pulses were carefully adjusted so as not to induce burst firings even in the presence of ryanodine (Alomone labs) or CPA, and therefore each pulse evoked single action potential. Intracellular Ca 2+ imaging was performed as described previously with some modifications (Bender et al., 2010; Bender and Trussell, 2009) . The fluorescence signals from of Fluo-5F and AF594 were captured with H8224 and R9110 photomultiplier tubes (Hamamatsu Photonics, Hamamatsu, Japan), respectively. Data were corrected in segmented linescan mode (2-2.2 ms/line including mirror flyback) using Prairie View 5.3 software (Bruker, Billerica, MA). The scan areas were drawn at 1 to 2 regions of interests (ROIs). The ROIs on cell bodies were placed across the cell membranes and on axon initial segments (AISs) were done between 15 to 20 mm from axon hillocks (Bender and Trussell, 2009) . The imaging at dendritic shafts and spines was made by drawing ROIs across the processes, which were more than 20 mm away from the center of the cell bodies. The effects of ryanodine or CPA on Ca 2+ transient amplitudes were compared with vehicle control experiments to
